Featured Application: External cavity diode laser emitting at around 1550 nm with an ultra-high side mode suppression ratio can be applied in the field of high-dynamic-range testing and measurement.
Introduction
Based on the characteristics of broad tunability, narrow linewidth and compactness, the tunable external cavity diode laser (ECDL) has a broad application in many fields, including atomic physics, laser radar, optical communication, optical measurement, and optical sensing [1] [2] [3] [4] [5] [6] . Particularly, ECDLs with high side mode suppression ratio (SMSR) emissions at around 1.5 µm can be applied in many fields, such as high-dynamic-range testing and measurement [7, 8] . Therefore, it is important to build an ECDL system with high SMSR.
The ECDL consists of a gain chip and an optical element. Grating is the typical dispersive element and Littrow configuration is a typical grating-coupled configuration for tunable ECDL [9, 10] . ECDLs with a Littrow configuration based on quantum-well or quantum-dot (QD) laser sources are now in widespread use and broadly investigated [11, 12] . An external cavity laser with a tuning range of 242 nm (1320-1562 nm) based on an InGaAsP/InP multiple quantum well (MQW) laser has been demonstrated, where the SMSR is between 17 and 42 dB [13] . A tunable external cavity laser with an InGaAs-InP strained MWQ has been demonstrated with a spectral range of 1494-1667 nm. The maximum SMSR is about 50 dB and the bandwidth of optical spectrum is around 0.4 nm [14] . An InAs/InP quantum-dot external cavity laser with a tunable range of 104 nm (1457-1561 nm) has been reported, and the injection current is 1 A, which is extremely high [15] . A tunable external-cavity laser based on InAs/InP QD laser has been demonstrated, the tuning range of which is 140.4 nm (1436.6-1577 nm) [16] . A widely tunable InAs/InP QD external-cavity laser has been demonstrated, the tunable range of which reaches 190 nm under pulsed injection current, but the SMSR is only around 20 dB [17] . Although there have been some reports on the widely tunable grating-coupled external-cavity laser at 1.5 µm, the SMSR of the ECDL is still relatively low.
In this letter, we demonstrate a Littrow external cavity laser with a high SMSR and a wide tunable range based on a commercial InP gain chip. Three Littrow configurations with 600 grooves/mm and 1200 grooves/mm gratings were constructed to investigate the influence of grating features on the performance of laser, including the SMSR and tunable range. When the 1200 grooves/mm grating with 91% first-order diffraction efficiency was utilized, the maximum side mode suppression ratio exceeded 60 dB and more than 50 dB was achieved in most of the tuning spectrum range of the ECDL. Meanwhile, a tunable range from 1425.4 nm to 1635.3 nm was achieved, encompassing the telecommunication widow S (1460-1530 nm), C (1530-1565 nm) and L (1565-1625 nm), as defined by the International Telecommunication Union. And the output power was around 48.9 mW at the emitting wavelength of 1570 nm.
Experimental Setup
The configuration of the ECDL system is shown in Figure 1 . To achieve the widely tunable ECDL, a commercial gain chip (Thorlabs, SAF1126H heatsink assembly, Newton, NJ, USA) was chosen, one facet of which was with ultra-low reflectivity (R 1 < 0.01%). And the reflectivity of another facet was about 10% (R 2 ). The gain chip was accurately cooled by the thermoelectric cooler (TEC) and the measuring temperature was 20 • C. According to the simulation by ZEMAX, an aspherical lens (NA = 0.6) with focal length of 2.97 mm (Thorlabs, 355660-C, Newton, NJ, USA) was chosen to collimated the output beam from rear facet (R 1 ). The collimated beam was diffracted on the surface of a diffractive grating mounted in Littrow configuration and the first order diffractive beam from the grating was fed back into the gain chip.
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Results and Discussion
The optical spectra of the ECDL system with different configurations were measured by an optical spectrum analyzer (OSA, YOKOGAWA, AQ6370D, Tokyo, Japanese), the resolution of which was 0.02 nm. The resonance wavelengths were obtained by rotating the grating along the vertical direction. Figure 3 shows the measured spectra of different configurations with an injection current of 300 mA. For configuration A, the tunable range was 161.2 nm from 1435.3 nm to 1596.5 nm, as shown in Figure 3a . The SMSR achieved 47 dB. For configuration B, the SMSR achieved 54 dB, as shown in Figure 3b . The tunable range was 130.9 nm from 1455.4 nm to 1586.3 nm. Compared with configuration A, the tunable range was reduced, but the SMSR was improved. In Figure 3c , the ruling density of grating was increased and a highest SMSR of 65 dB was realized for configuration C. And the tunable range was significantly increased. The tunable range achieved 209.9 nm from 1425.4 nm to 1635.3 nm. 
The optical spectra of the ECDL system with different configurations were measured by an optical spectrum analyzer (OSA, YOKOGAWA, AQ6370D, Tokyo, Japanese), the resolution of which was 0.02 nm. The resonance wavelengths were obtained by rotating the grating along the vertical direction. Figure 3 shows the measured spectra of different configurations with an injection current of 300 mA. For configuration A, the tunable range was 161.2 nm from 1435.3 nm to 1596.5 nm, as shown in Figure 3a . The SMSR achieved 47 dB. For configuration B, the SMSR achieved 54 dB, as shown in Figure 3b . The tunable range was 130.9 nm from 1455.4 nm to 1586.3 nm. Compared with configuration A, the tunable range was reduced, but the SMSR was improved. In Figure 3c , the ruling density of grating was increased and a highest SMSR of 65 dB was realized for configuration C. And the tunable range was significantly increased. The tunable range achieved 209.9 nm from 1425. As can be seen in the above experimental results, the grating parameters have a great effect on the characteristics of the external-cavity laser. The SMSRs for three configurations are investigated in Figure 4 . Compared with configuration A, the SMSR of configuration B was improved. And the SMSR of configuration C was the maximum. For the configuration A, there were gradual mounts in the optical spectra, as seen in Figure 3a , which greatly reduced the SMSR. For configuration B, the SMSR was improved by thoroughly eliminating the gradual mount, which may be due to the polarization mismatch between the polarization direction of the incident light and the direction of grating groove. For configuration C, the SMSR was significantly improved by increasing the grating groove density and the tunable range was also improved. As can be seen in the above experimental results, the grating parameters have a great effect on the characteristics of the external-cavity laser. The SMSRs for three configurations are investigated in Figure 4 . Compared with configuration A, the SMSR of configuration B was improved. And the SMSR of configuration C was the maximum. For the configuration A, there were gradual mounts in the optical spectra, as seen in Figure 3a , which greatly reduced the SMSR. For configuration B, the SMSR was improved by thoroughly eliminating the gradual mount, which may be due to the polarization mismatch between the polarization direction of the incident light and the direction of grating groove. For configuration C, the SMSR was significantly improved by increasing the grating groove density and the tunable range was also improved. Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 8 The grating groove density has a great influence on the laser performance. For the external-cavity laser, the diffraction angle is related to the grating equation: 2dsinθL = mλ, where the d is the grating period, the θL is the diffraction angle. According to the equation, grating diffractive angle is related to the number of grating grooves. The higher the number of grating grooves, the larger the diffraction angle. Due to dθ/dλ = 1/(2dcosθ), a large grating diffraction angle is helpful to improve grating resolution. Meanwhile, a larger diffractive angle produced a larger spot size on the grating, which means more groove periods are effective to provide optical feedback with the function of wavelength selection. And the noise is better suppressed with a large diffractive angle. Compared with configuration A and B, the grating used in configuration C had a higher groove number and a larger diffraction angle according to the grating equation. For the configuration A, B, and C, when the wavelength of output beam was 1550 nm, the diffraction angle was 27.7°, 27.7°, and 68.4°, respectively. Therefore, configuration C, with a better ability to suppress the noise, can achieve the higher SMSR. However, the grating groove density should not be too large to avoid the diffraction angle being too close to 90°. In the configurations, a better SMSR was achieved in the long-wavelength region of the spectrum, which is also due to the grating diffractive angle of long output wavelength being relatively large. In the longer output wavelength region, it arrives at the edge of material gain, which will lead to a drop in the SMSR.
The threshold current as a function of wavelength of external-cavity laser was investigated. Figure 5 compares the threshold currents of different external-cavity configurations. It can be observed that the variation trend of threshold current was consistent. The threshold current decreased significantly at an intermediate tuning range due to the high material gain and increased when the output wavelength was changed toward the long or short wavelength. With the same diffraction grating, the higher first diffraction efficiency means stronger feedback intensity, which may effectively reduce the mirror loss and then decrease the threshold current. Compared with configuration B, configuration A showed a lower threshold current due to the higher first diffraction efficiency. The minimum threshold currents of configuration A and B were 50 mA and 84 mA, respectively. The minimum threshold current of configuration C was 37 mA, which was the lowest in the three configurations. It can be observed that higher grating resolution can significantly decrease the threshold current. The grating groove density has a great influence on the laser performance. For the external-cavity laser, the diffraction angle is related to the grating equation: 2dsinθ L = mλ, where the d is the grating period, the θ L is the diffraction angle. According to the equation, grating diffractive angle is related to the number of grating grooves. The higher the number of grating grooves, the larger the diffraction angle. Due to dθ/dλ = 1/(2dcosθ), a large grating diffraction angle is helpful to improve grating resolution. Meanwhile, a larger diffractive angle produced a larger spot size on the grating, which means more groove periods are effective to provide optical feedback with the function of wavelength selection. And the noise is better suppressed with a large diffractive angle. Compared with configuration A and B, the grating used in configuration C had a higher groove number and a larger diffraction angle according to the grating equation. For the configuration A, B, and C, when the wavelength of output beam was 1550 nm, the diffraction angle was 27.7 • , 27.7 • , and 68.4 • , respectively. Therefore, configuration C, with a better ability to suppress the noise, can achieve the higher SMSR. However, the grating groove density should not be too large to avoid the diffraction angle being too close to 90 • . In the configurations, a better SMSR was achieved in the long-wavelength region of the spectrum, which is also due to the grating diffractive angle of long output wavelength being relatively large. In the longer output wavelength region, it arrives at the edge of material gain, which will lead to a drop in the SMSR.
The threshold current as a function of wavelength of external-cavity laser was investigated. Figure 5 compares the threshold currents of different external-cavity configurations. It can be observed that the variation trend of threshold current was consistent. The threshold current decreased significantly at an intermediate tuning range due to the high material gain and increased when the output wavelength was changed toward the long or short wavelength. With the same diffraction grating, the higher first diffraction efficiency means stronger feedback intensity, which may effectively reduce the mirror loss and then decrease the threshold current. Compared with configuration B, configuration A showed a lower threshold current due to the higher first diffraction efficiency. The minimum threshold currents of configuration A and B were 50 mA and 84 mA, respectively. The minimum threshold current of configuration C was 37 mA, which was the lowest in the three configurations. It can be observed that higher grating resolution can significantly decrease the threshold current.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 8 Figure 5 . Threshold current of the external cavity diode laser at different wavelengths with configuration A, B, and C. Figure 6 shows the output power of the ECDLs, which was changed with the wavelength and measured by a power meter (Thorlabs, S146C, Newton, NJ, USA). The injection current was 300 mA and the measuring temperature was 20 °C. The output power of configuration B was significantly decreased due to the low first diffraction efficiency, which was reported in our previous article [18] . Thus it is not given here. For configuration A with the grating of 600 lines/mm, the maximum output power was 49.9 mW. For configuration C with the grating of 1200 lines/mm, the maximum output power was 48.9 mW. As can be observed in the figures, the number of grating lines had little influence on the output power of the ECDL with a similar first diffraction efficiency. 
Conclusions
In this paper, three configurations with different grating parameters, including diffraction efficiency and groove density, were investigated. It was demonstrated that the external-cavity laser performance can be improved by increasing the groove density of grating in the Littrow configuration. For configuration A, the SMSR was relatively low. The SMSR was improved significantly in configuration B, which may be due to the polarization mismatch between the polarization direction of the incident light and the grating. When the grating groove density was increased appropriately, as shown in configuration C, the laser performance including SMSR can be further improved. The improvement of SMSR is attributed to the larger diffractive angle with a high grating groove. Larger diffractive angle means a larger spot size, which can cover more Figure 6 shows the output power of the ECDLs, which was changed with the wavelength and measured by a power meter (Thorlabs, S146C, Newton, NJ, USA). The injection current was 300 mA and the measuring temperature was 20 • C. The output power of configuration B was significantly decreased due to the low first diffraction efficiency, which was reported in our previous article [18] . Thus it is not given here. For configuration A with the grating of 600 lines/mm, the maximum output power was 49.9 mW. For configuration C with the grating of 1200 lines/mm, the maximum output power was 48.9 mW. As can be observed in the figures, the number of grating lines had little influence on the output power of the ECDL with a similar first diffraction efficiency.
In this paper, three configurations with different grating parameters, including diffraction efficiency and groove density, were investigated. It was demonstrated that the external-cavity laser performance can be improved by increasing the groove density of grating in the Littrow configuration. For configuration A, the SMSR was relatively low. The SMSR was improved significantly in configuration B, which may be due to the polarization mismatch between the polarization direction of the incident light and the grating. When the grating groove density was increased appropriately, as shown in configuration C, the laser performance including SMSR can be further improved. The improvement of SMSR is attributed to the larger diffractive angle with a high grating groove. Larger diffractive angle means a larger spot size, which can cover more 
In this paper, three configurations with different grating parameters, including diffraction efficiency and groove density, were investigated. It was demonstrated that the external-cavity laser performance can be improved by increasing the groove density of grating in the Littrow configuration. For configuration A, the SMSR was relatively low. The SMSR was improved significantly in configuration B, which may be due to the polarization mismatch between the polarization direction of the incident light and the grating. When the grating groove density was increased appropriately, as shown in configuration C, the laser performance including SMSR can be further improved.
The improvement of SMSR is attributed to the larger diffractive angle with a high grating groove. Larger diffractive angle means a larger spot size, which can cover more grating lines and improve the grating resolution. In this way, the noise can be suppressed better and a higher SMSR obtained. At the same time, the tunable range is also increased. When a grating with 1200 lines/mm and a first-order of 91% was used, the SMSR of the ECDL reached up to 65 dB, and more than 50 dB was achieved in most of the tuning spectrum range of the ECDL. The tunable range reached 209.9 nm. The threshold current was 37 mA and the output power was 48.9 mW. We have achieved the highest SMSR, compared with the five references [13] [14] [15] [16] [17] , which are listed in Table 2 . Table 2 . Basic properties of the five references [13] [14] [15] [16] [17] 
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